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ABSTRACT Epidermal growth factor (EGF) stimulates mem-
brane protein phosphorylation in a human cell line, A-431. The
known hepatic mitogenic action ofEGF and the reduction in EGF
receptor number that occurs during liver regeneration led us to
study whether EGF-dependent protein kinase activity was present
in rat liver and whether its activity was altered after partial hep-
atectomy. Liver membranes, preincubated with or without EGF,
were phosphorylated (0C, 15 sec) and subjected to NaDodSOd
polyacrylamide gel electrophoresis and autoradiography. In mi-
crosomal fractions, EGF at 5-2000 ng/ml produced a dose-related
stimulation of 32p incorporation into a single 170,000-dalton pro-
tein (p170). In plasma membranes, a similar EGF-dependent
phosphorylation was present and was substantially enriched rel-
ative to the microsomal fraction. Acid hydrolysis of labeled mi-
crosomal fraction followed by ehosphoamino acid determination
revealed that EGF stimulated 2p incorporation into phosphoty-
rosine residues. The EGF-dependent phosphorylation ofp170 was
compared in microsomal fractions isolated from rats 36 hr after
partial hepatectomy or sham operation. In the absence of EGF,
in vitro labeling of p170 was similar. EGF stimulated the labeling
of p170 in both groups, but the response was clearly diminished
after partial hepatectomy. In the presence of EGF, the labeling
of p170 in microsomal fraction from regenerating livers was only
47 ± 6% of that observed in membranes from sham-operated rats
(P < 0.005). Reduction ofEGF-dependent phosphorylation during
liver regeneration paralleled the loss of binding of '2I-labeled
EGF. An increase in the EGF-independent phosphorylation of a
130,000-dalton protein was also observed after partial hepatec-
tomy. The increase in the amount of this phosphoprotein was
roughly equal to the loss ofEGF-stimulated p170 phosphorylation.
Several additional proteins showed increased phosphorylation in
membranes from partially hepatectomized rats. These findings
indicate that alterations in membrane tyrosine residue phosphor-
ylation occur during regulated growth in viva
Epidermal growth factor (EGF) is mitogenic in many cultured
cell lines (1) and stimulates DNA synthesis in hepatocytes, both
in vitro (2) and in vivo (3). The plasma membrane receptor for
EGF, a 150,000- to 180,000-dalton glycoprotein, binds EGF
with high affinity and is subsequently internalized (1, 4). EGF
rapidly alters ion and nutrient flux, but more prolonged ex-
posure is needed to stimulate DNA synthesis (5). The mecha-
nism by which EGF exerts these actions has not been estab-
lished, but Carpenter et al (6) have shown that EGF stimulates
the phosphorylation ofa number ofproteins in membranes from
a human epidermoid carcinoma cell line, A-431. Cohen et at
(7) have shown that the major protein phosphorylated in the
EGF-dependent manner copurifies with the EGF receptor it-
self. The EGF-stimulated phosphorylation ofthe EGF receptor
occurs in part on tyrosine residues both in cell membranes (8)
and in cultured cells (9).
Protein phosphorylation on tyrosine residues has recently
been reported by Hunter and Sefton (10), Witte et al. (11), and
Erickson et at (12) in studies of protein kinase activities asso-
ciated with transforming viruses. Increases in cellular tyrosine
residue phosphorylation correlate with the transformed phe-
notype and rapid growth. The viral enzymes appear to be ho-
mologues ofnormal cellular protein kinases which may regulate
growth and development (13). Tyrosine residue kinase activity
has also been observed in Ehrlich ascites tumor cells (14).
Rat liver regeneration is a well-characterized in vivo model
of growth regulation. The signal for growth after partial hepa-
tectomy is humoral, but not all of its constituents have been
identified (15). A role for insulin and glucagon has been dem-
onstrated (16), and we have recently shown that EGF receptor
number is markedly decreased after partial hepatectomy (17).
This indicates that EGF, or humoral factors which are capable
of modulating the EGF receptor number (18, 19), may partic-
ipate in the proliferative response.
The present studies were designed to investigate whether
EGF-dependent protein kinase is present in liver membranes
and whether its activity is altered during liver regeneration. The
data demonstrate that rat liver membranes exhibit EGF-de-
pendent phosphorylation of a single 170,000-dalton membrane
protein. This phosphorylation occurs at least in part on tyrosine
residues. The amount of EGF-dependent phosphorylation de-
creases during liver regeneration, as does the EGF receptor
number. In addition, membranes from regenerating liver con-
tain several proteins whose phosphorylation significantly in-
creases after partial hepatectomy.
MATERIALS AND METHODS
Membrane Preparation and Assays. Male Sprague-Dawley
rats (150-200 g) from Charles River Breeding Laboratories had
access to food and water ad lib. When indicated, the median
and left hepatic lobes were excised (66-70% hepatectomy) or
manipulated and returned to the peritoneal cavity (sham op-
eration). Control, sham-operated, or partially hepatectomized
rats were killed between 0800 and 0900 hours. The livers were
homogenized in 0.25 M sucrose/10 mM Tris'HCl, pH 8.0 with
a Brinkman Polytron apparatus.
Homogenates were centrifuged at 30,000 X g for 7.5 min.
The supernatant was centrifuged at 105,000 X g to obtain the
microsomal fraction. Plasma membranes were made by the
method of Touster et al. (20). The microsomal fraction was cen-
trifuged for 16 hr in a discontinuous sucrose gradient. The
plasma membranes were collected and repelleted at 105,000
Abbreviations: EGF, epidermal growth factor; p170, 170,000-dalton
protein whose phosphorylation is stimulated by EGF.
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x g. Protein determinations were done by the method ofLowry
et aL (21). 5'-Nucleotidase, a plasma membrane marker en-
zyme, was assessed by published methods (22). l"I-Labeled
EGF ('25I-EGF) binding was determined with iodinated mouse
EGF purified to homogeneity by the method of Savage and
Cohen (23). Nonspecific binding was assessed in the presence
of 1 ,uM native EGF. Details of the assay have been published
(17).
In Vitro Phosphorylation. The phosphorylation reaction was
performed at 00C in a total volume of 50 Aul, containing 50 Ag
of membrane protein, 50 mM Pipes at pH 7.0, 30 mM MgCl2,
10 mM 2-mercaptoethanol, and 0.32 mM EGTA. The diluent
for EGF, 10 u1 of phosphate-buffered saline containing 0.1%
bovine serum albumin, was added to each control tube. After
15-min preincubation at 00C with or without EGF, the reaction
was started by the addition of 15 pACi (1 Ci = 3.7 X 1010 becque-
rels) of [y-32P]ATP (ICN) to a final concentration of 2 uM. It
was stopped after 15 sec with 25 1ul of 9% NaDodSOJ0.05%
bromphenol blue/15% (vol/vol) glycerol/6% 2-mercaptoetha-
nol/30 mM Tris, pH 7.8. Tubes were corked and heated to
1000C (5 min). Aliquots (50 ,ul) were electrophoresed on
NaDodSOJ8% polyacrylamide slab gels with a 3% stacking gel,
essentially as described by Rudolph and Krueger (24). Gels
were stained with Coomassie brilliant blue, destained, dried,
and autoradiographed on Kodak XAR-5 film. Exposure time
varied from 12 hr to 7 days. Autoradiograms were scanned with
a Perkin-Elmer densitometer; peak integration was performed
on-line by the microprocessor of a Varian 8000 high-pressure
liquid chromatography instrument.
Phosphoamino Acid Determination. Freshly prepared liver
microsomes (1.5 mg of protein) were phosphorylated as above
with or without EGF at 200 ng/ml. The ATP concentration was
15 ,uM (90 ,uCi of [y-32P]ATP per sample) and the 0°C incu-
bation was prolonged to 5 min. The membranes were precip-
itated and washed sequentially with trichloroacetic acid and
ether/ethanol as described by Ushiro and Cohen (8). The hy-
drolysis (6 M HCl, 1100C, 3 hr) and phosphoamino acid sepa-
ration were performed by the technique of Hunter and Sefton
(10). After lyophilization, the residue was resuspended in H20
with marker phosphoamino acids (phosphoserine and phospho-
threonine from Sigma; phosphotyrosine was generously pro-
vided by J. Larner and C. Schwartz). Separation on cellulose
thin-layer plates was accomplished by electrophoresis (900 V)
atpH 1.9 for 60 min and subsequent ascending chromatography
in the second dimension [isobutyric acid/0.5 M NH40H, 5:3,
(vol/vol)]. The plates were dried, standard phosphoamino acids
were detected with ninhydrin, and autoradiography was
performed.
RESULTS
Freshly prepared rat liver microsomal fractions were preincu-
bated at 0°C for 15 min with various concentrations of EGF
(0-2000 ng/ml) and incubated for 15 sec with 2 ,uM [y-32P]ATP
(15 ,uCi). EGF pretreatment caused a concentration-dependent
increase in the phosphorylation of a single protein estimated to
be 170,000 dalton (pl70) (Fig. IA). Densitometric analysis of
the autoradiograms demonstrated that as little as 5 ng of EGF
per ml enhanced this phosphorylation. The maximal stimulation
of p170 phosphorylation by EGF in normal liver microsomes
generally exceeded 5-fold. The accuracy ofdensitometric quan-
titation was verified by scintillation counting of NCS-digested
gel slices. Again a 5-fold increase in p170 phosphorylation was
detected (data not shown). The 15-sec incubation was chosen
as the best approach to the linear range of the phosphorylation
reaction, but a similar stimulation of p170 phosphorylation by
EGF was observed at incubation times up to 5 min (data not
shown). Longer exposure of autoradiograms of microsomal
preparations always revealed some basal phosphorylation in the
p170 band in the absence of EGF (e.g., Fig. 3A). However,
longer exposure did not reveal any additional EGF-dependent
phosphorylation substrates.
Rat liver plasma membranes were assayed in parallel with
the microsomal fraction, and the autoradiograph exposures
were equal (Fig. 1B). The purification of plasma membranes
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FIG. 1. Autoradiograms of NaDodSO4/polyacrylamide slab gels of phosphorylated proteins from liver microsomal fraction (A) and plasma
membranes (B) preincubated with varying concentrations of EGF and assayed in parallel. Arrows, protein(s) phosphorylated in an EGF-dependent
manner. Molecular weight markers (x 10-3) are indicated; the standards were myosin, 3galactosidase, phosphorylase b, bovine serum albumin,
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FIG. 2. Autoradiographof 52P-labeledphosphoaminoacidsin liver
microsomal fraction preincubated without (A) or with (B) EGF at 200
ng/ml. Protein was precipitated and hydrolyzed, and the amino acids
were separated by two-dimensional electrophoresis and chromatog-
raphy. An EGF-stimulated increase in the labeling of phosphotyrosine
is revealed.
began 24 hr prior to the preparation of microsomes to permit
the overnight density gradient centrifugation and yet still allow
dual assay of unfrozen membrane samples. EGF pretreatment
produced a qualitatively similar stimulation of p170 phosphor-
ylation. A second, slightly smaller, protein was also phosphor-
ylated in an EGF-dependent manner but was much less in-
tensely labeled. This band might be a proteolytic product
formed during the longer (24 hr) plasma membrane preparation.
The pl70 phosphorylation was enriched in the plasma mem-
branes relative to microsomal fraction by severalfold. The ac-
tivity of 5'-nucleotidase and the 125I-EGF binding capacity
were 4- to 5-fold higher in the plasma membrane fraction. This
parallel enrichment of EGF-dependent phosphorylation with
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Table 1. Phosphoamino acid abundance
Relative abundance
No With EGF




The ninhydrin-stained phosphoamino acid spots were scraped off,
eluted with 0.1 M NaOH, neutralized, and assayed. The data are ex-
pressed as mean proportion of the total incorporation into the three
phosphoamino acids in two experiments.
plasma membrane markers indicates that the substrate and ki-
nase are associated with the cell membrane.
To determine the phosphoamino acid specificity ofthe EGF-
dependent reaction, rat liver microsomal fractions were phos-
phorylated with or without EGF. Autoradiography of the phos-
phoamino acids separated by the two-dimensional technique
revealed some incorporation of 32P into phosphotyrosine in the
basal state (Fig. 2A). EGF (200 ng/ml) increased the phospho-
tyrosine labeling (Fig. 2B). Elution and scintillation counting
showed that EGF produced little or no change in the incor-
poration into phosphoserine and phosphothreonine (Table 1).
Phosphotyrosine labeling increased by approximately 2-fold,
from 2.2% to 4.1% of the total phosphoamino acid.
To determine whether EGF-dependent phosphorylation was
altered during liver regeneration, microsomal fractions were
prepared from rat livers 36 hr after partial hepatectomy or sham
operation. EGF pretreatment increased p170 phosphorylation
in both samples (Fig. 3). An autoradiogram from a representa-
tive experiment was subjected to densitometric analysis (Fig.
4). Fig. 4 A and B again show the increase in p170 phosphor-
ylation caused by EGF. However, EGF-dependent phosphor-
ylation of p170 clearly was lower in membranes from regen-
erating liver than in control membranes (Figs. 3 and 4). To verify
this quantitatively, seven experiments were performed, each
using one to three pairs of rats (partially hepatectomized and
sham-operated) 36 hr after operation. Microsomal fractions
EGF (ng/ml)








FIG. 3. Autoradiograms of phosphorylated liver microsomal fraction proteins from sham-operated (A) and partially hepatectomized (B) rats.
Membranes were phosphorylated after preincubation with varying concentrations of EGF. Open arrow, phosphorylation stimulated by EGF; solid
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FIG. 4. Densitometric tracings from the upper region of autora-
diograms of 32P incorporation in membranes from one pair of sham-
operated and partially hepatectomized rats. The left-hand peak of each
tracing represents p170, and the right-hand peak represents the
130,000-dalton region. (A) Microsomal fraction from sham-operated
liver: without EGF, solid line; with EGF (200 ng/ml), broken line. (B)
Microsomal fraction from regenerating liver: without EGF, solid line;
with EGF (200 ng/ml), broken line. (C) Retracing of the "plus EGF"
data from A and B: sham, solid line; regenerating, broken line.
were prepared, and phosphorylation was carried out after prein-
cubation with EGF at 200 ng/ml or without EGF. Peak areas
from the densitometer tracings were integrated on-line.
A two-way analysis of variance of the integrated peak areas
was used to determine the level of significance. For each ex-
periment, the peak areas were expressed as the percentage of
the sham-operated, EGF-stimulated value. The mean per-
centage ofthe reference value is presented in Table 2. The mean
basal phosphorylation of p170 was only slightly lower in mem-
branes from partially hepatectomized rats. In contrast, the
phosphorylation of p170 in the presence ofEGF was only 47%
in membranes from regenerating liver compared to those from
sham-operated rats.
Table 2. Relative labeling of phosphoprotein bands
Labeling, %
With EGF
Protein Operation No EGF (200 ng/ml)
p170 Partial hepatectomy 17.5 ± 3.4 47 ± 6*
Sham 19.9 ± 3.8 100
130,000- Partial hepatectomy 211 ± 33t 202 + 29t
dalton Sham 139 ± 12 100
The integrated areas of two major densitometer peaks were ex-
pressed as percentage of the sham-operated, EGF-stimulated value for
that band and experiment. The percentages are expressed as mean
+ SEM for the seven experiments (a total of 14 sham and regenerating
pairs). Statistical significance was determined by analysis of variance.
Determination of 5'-nucleotidase activity demonstrated that mem-
brane recoveries from sham-operated and partially hepatectomized
rats were equal. 125I-EGF binding in membranes from the regener-
ating livers was 32.8 ± 4.4% (13 pairs) of control.
*P <0.005.
tP <0.025.
Both the autoradiograms (Fig. 3) and the densitometric trac-
ings (Fig. 4) indicated that the phosphorylation of a 130,000-
dalton band was increased during liver regeneration. The den-
sitometer usually only distinguished one major peak in the area,
but several gels including Fig. 3 indicate that more than one
band may be present. Quantitation and analysis ofvariance per-
formed by using the densitometric peak showed that the in-
crease in phosphorylation of the 130,000-dalton protein in
membranes from regenerating liver was statistically significant
(P < 0.025). EGF had no effect on the phosphorylation of this
protein in membranes from either sham or regenerating liver
(Table 2). The phosphorylation ofseveral other proteins was also
enhanced in membranes from regenerating livers (Fig. 3). The
labeling of these bands was not affected by EGF treatment.
DISCUSSION
The present report characterizes EGF-dependent phosphoryl-
ation from normal rat liver and demonstrates an alteration ofthis
membrane kinase activity during an in vivo growth model, liver
regeneration. Coelectrophoresis of phosphorylated A-431 and
liver microsomal fractions demonstrated that the major phos-
phorylated band is the same molecular size in both systems
(unpublished data). A similar substrate for EGF-dependent
phosphorylation also has been observed in human placental (25)
and fibroblast (26) membranes. Because A431 membrane phos-
phorylation activity and EGF binding activity copurify after
EGF affinity chromatography (7), we have tentatively con-
cluded that the hepatic substrate is the EGF receptor. The
slightly smaller band (approximately 160,000 daltons) observed
in plasma membranes may result from proteolysis; proteolytic
fragments of the EGF receptor for this molecular weight range
have been experimentally produced (27). However, it is pos-
sible that the purification has allowed us to detect a substrate
present only in low concentrations. Only one substrate is ob-
served in freshly prepared liver microsomal fraction; this con-
trasts with the A431 membranes, in which several other EGF-
dependent phosphoproteins are also detected (26). This ob-
served difference could result from the high EGF receptor con-
tent of A-431 membranes or from different substrate specific-
ities of the EGF-dependent kinases from the two sources.
EGF stimulates phosphorylation of tyrosine residues in liver
microsomal fraction; the relative abundance (basal, 2.2%; EGF-
stimulated, 4.1%) is higher than that seen in intact A-431 cells
(9) but is lower than that observed in EGF-stimulated A431
membranes (8). Hunter and Cooper (9) prelabeled A-431 cells
with 32Pi and determined that, in the intact cell, the EGF-stim-
ulated phosphorylation ofthe EGF receptor occurs at serine and
threonine as well as tyrosine residues. Our whole membrane
analysis might not enable us to detect increased serine or thre-
onine phosphorylation in the one protein (p170) whose labeling
is stimulated by EGF.
Tyrosine residue phosphorylation has been observed as a re-
sult of viral transformation, in Ehrlich ascites cells, and as a re-
sult ofEGF action. One common property of these phenomena
is a relationship to growth, either in neoplasia or after the stim-
ulation of cultured cells by growth factors. The present data
extend this relationship to a mitogen-induced increase in ty-
rosine residue labeling in normal cell membranes and a direct
modulation of this type of phosphorylation during a physiolog-
ically relevant, humorally mediated growth process.
We have previously demonstrated down-regulation of EGF
binding that reached a nadir 36 hr after partial hepatectomy.
The 67% reduction in receptor number correlates with the 54%
reduction in EGF-dependent phosphorylation, suggesting that
down-regulation decreases the amount of substrate for EGF-
Biochemistry: Rubin et al.
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dependent phosphorylation. It is unclear whether the kinase
activity constitutes a domain of the p170 protein or is a tightly
associated but distinct species. Cohen et al (7) have shown that
the binding and kinase activity copurify but exhibit a differential
sensitivity to heat. Our present findings do not allow us to de-
termine whether the kinase and substrate are separate or
whether the kinase as well as the substrate is decreased 36 hr
after partial hepatectomy.
The appearance of additional phosphoproteins and the in-
crease in phosphorylation of several other substrates during re-
generation may or may not be related to EGF action. A striking
change during regeneration is the increase in phosphorylation
of the 130,000-dalton protein. The magnitude of this increase
is similar to the reduction in EGF-dependent phosphorylation.
The size of this substrate resembles that of vinculin, a protein
whose tyrosine residue phosphorylation increases in virally
transformed cells (28). In addition to the 130,000-dalton pro-
tein, at least three other phosphorylations appear to be in-
creased in microsomal fraction isolated 36 hr after partial hep-
atectomy. These may result from the initial EGF action or other
humoral events that trigger regeneration. Alterations in the
metabolism ofthe protein kinase modulators cAMP, cGMP, and
calcium during regeneration have all been noted.
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